Many biological functions require two or more enzymes working together in cascades. While many examples of protein and RNA enzyme cascades are known, few enzyme cascades containing solely DNAzymes have been reported. Herein we demonstrate the combination of an 8-17 DNAzyme with RNA cleavage activity and an E47 DNAzyme with DNA ligation activity to achieve a new function of single ribonucleotide repair in DNA while maintaining the integrity of the original DNA sequence, which is difficult for a single DNAzyme to achieve. In addition, this method is applied to modify the sequences of DNA strands immobilized on the surface of nanoparticles to control the DNA-directed assembly selectively and sequentially. Such an approach can be applied to other DNAzymes with different activities to expand the functions of DNAzymes and the scope of their applications.
Introduction
The discovery of deoxyribozymes (DNAzymes) with enzymatic activity in the 1990s 1,2 has demonstrated that DNA molecules are not simply inert biopolymers for genetic storage; they can be active catalysts as well. [3] [4] [5] [6] [7] [8] Since then, many DNAzymes have been obtained with catalytic functions such as cleavage, 2, [9] [10] [11] [12] [13] ligation, [14] [15] [16] phosphorylation, 17 adenylation 18 or depurination 19 of nucleic acids, as well as other reactions including porphyrin metallation, C-C bond formation, nucleopeptide linkage formation, oxygen transfer and thymine dimer repair. [20] [21] [22] [23] [24] [25] [26] Because DNAzymes are facile to synthesize and more stable than protein and RNA enzymes, they have been widely used in applications such as nanomaterial assembly, 27, 28 biosensing, [29] [30] [31] logical computing, 32 nanomachine engineering, 33 antiviral or gene therapy, 34 and in vitro RNA manipulation. 35 Despite these successes, the application of DNAzymes is limited by the narrower range of catalytic functionality compared to protein enzymes. One possible approach to addressing this issue would be to combine enzymes with different reactivities to form a cascade of successive enzymatic reactions, which together create new functionality. Indeed, many such examples exist in biology, since nearly all important biological functions, such as the pathways involved in DNA repair and protein synthesis, require a cascade of multiple protein enzymes to carry out their full function. In contrast, little has been reported about the use of DNAzyme cascades to realize enhanced functionality. Such a strategy could expand the functionality of DNAzymes to a level more on par with protein and RNA enzymes, which should greatly increase the range of possible applications.
One such application is single nucleotide repair, i.e., excision of a misincorporated ribonucleotide in single-stranded DNA and subsequent insertion of the corresponding deoxyribonucleotide at the excision site. The misincorporation of ribonucleotides into DNA strands can occur from exposure to external oxidizing agents or ionizing radiation, 36 or spontaneously during DNA replication. 37 Misincorporation of ribonucleotide can distort the structure of DNA, 38 reduce its stability, 39 and interfere with the normal interaction between DNA and DNA polymerases. 40 In fact, the overexpression of DNA polymerases that are prone to ribonucleotide misincorporation has been linked to many cancers, including ovarian, prostate, breast and colon cancers. 41 In nature, protein enzymes such as RNase H and FEN-1 can efficiently excise misincorporated ribonucleotides in DNA by cleaving the DNA at the ribonucleotide site and then restoring the correct deoxyribonucleotides by DNA polymerases, 42, 43 which is an example of an enzyme cascade. It would be interesting to nd out if a similar function could be achieved through DNAzyme cascades.
Another potential application is in tuning the properties of DNA-functionalized nanomaterials. For example, DNA-functionalized gold nanoparticles 27 have emerged as an attractive platform for biosensing, 32,44-50 nanomedicine, 45 and as building blocks for controlled nanoassemblies. [51] [52] [53] [54] [55] Although much research has been focused on the surface modication of gold nanoparticles with DNA for various applications, there are still limited methods to modify the sequences of DNA already immobilized on gold nanoparticles in order to make the properties of the DNA-modied nanomaterials tunable aer fabrication. The use of DNAzymes is a promising approach for DNA modication on nanomaterials 56 due to the excellent stability of DNAzymes and their smaller size compared to protein enzymes, thereby minimizing steric effects between the enzyme and the DNA in order to avoid reduction in reaction efficiency. However, it is still very challenging to modify a specic DNA sequence on multiple-DNA-functionalized nanomaterials to tune their functions in a selective and sequential fashion.
Herein, we demonstrate a cascade of two DNAzymes with RNA cleavage and DNA ligation activities, respectively, in order to carry out single nucleotide repair or selective sequence modication of DNA. In a one-pot reaction, a single misincorporated ribonucleotide in a DNA strand was converted to the corresponding deoxyribonucleotide while maintaining sequence integrity. Furthermore, the sequences of DNA strands immobilized on multiple functional nanoparticles were successfully modied in order to control and alter the DNAdirected assembly of nanoparticles in a stepwise and selective fashion.
Results and discussion
To demonstrate that single nucleotide repair in DNA can be achieved by the cascade of two DNAzymes, we used a 26-nt DNA strand (O1) containing a misincorporated cytidine (rC) ribonucleotide as an example. The goal was to convert the rC in O1 into a deoxycytidine (C), as seen in O4 ( Fig. 1a ), while maintaining the integrity of the DNA sequence. The DNAzymes 17E m1 (Fig. 1a , blue) with RNA cleavage activity 2,57-59 and E47 ( Fig. 1a , red) with DNA ligation activity 14, 60 were chosen as the cascade pair in this study. The 17E m1 DNAzyme catalyzes the hydrolysis of the 3 0 phosphodiester linkage of the internal rC in the DNA strand when metal ion cofactors such as Pb 2+ and Zn 2+ are present ( Fig. S1a in ESI †). On the other hand, the E47 DNAzyme can induce the catalytic ligation of the 5 0 -OH of the DNA substrate with another 3 0 -phosphorylated DNA strand (activated by imidazole) 14 in the presence of Cu 2+ or Zn 2+ as the metal cofactor ( Fig. S1b in ESI †). Therefore, by sequential cleavage and ligation reactions catalyzed by these two DNAzymes on O1 containing rC, O1 could rst be cleaved at the 3 0 phosphodiester of the rC by 17E m1 and then undergo ligation at the cleavage site with another 3 0 -phosphorylated DNA strand of an identical sequence (except with deoxyribonucleotide C in place of ribonucleotide rC) by E47. The product O4 has a sequence identical to the starting strand O1, with the rC replaced with C.
Initially, 3 0 -uorescein-labeled O1 was treated with 17E m1 to form DNA duplex O1-17E m1 via 18 matched base pairs (9 on each binding arm). In the presence of Pb 2+ , O1 was efficiently cleaved by 17E m1 into fragments O2 and Oc, resulting in the dehybridization of the duplex because the melting temperature of the duplex between 17E m1 and O2 or between 17E m1 and Oc is below room temperature (Fig. 1a ). The uorescence image aer polyacrylamide gel electrophoresis (PAGE) suggested the complete cleavage of O1 and formation of O2 (Fig. 2a , lane 1 and 2 for O1 and O2, respectively), while Oc was not visible on the gel due to the lack of a uorescein label. The cleavage reaction product O2 was also conrmed by the result from matrixassisted laser desorption ionization-time of ight (MALDI-TOF) mass spectrum (Table 1 and Fig. S2 in ESI †). Control experiments using a DNAzyme of a different sequence (17E m2 ) or without Pb 2+ showed negligible cleavage of the substrate O1 ( Fig. S3 in ESI †) due to the specicity of the DNAzyme and the essential role of the metal ion cofactor. 2,57-59 Subsequently, without any purication of O2 from the mixture solution aer the previous cleavage step, E47 and 3 0 -phosphorylated O3 (imidazole-activated) were added into the solution to generate another DNA complex O2-O3-E47, which gave O4 as the product aer the E47-catalyzed ligation reaction in the presence of Cu 2+ (Fig. 1a ). 14, 60 The formation of O4 was conrmed by both uorescent PAGE (Fig. 2a , the upper band of lane 3) and MALDI-TOF MS ( Table 1 and Fig. S2 in ESI †), while some unreacted O2 was also observed on the gel ( Fig. 2a , the lower band of lane 3). Here, O3 was invisible due to the lack of a uorescein label. Considerably lower levels of ligation between O2 and O3 were observed if either E47 or Cu 2+ was absent ( Fig. S3 in ESI †). Together these results indicate that the reactions catalyzed by the DNAzyme cascade were achieved through a one-pot reaction without isolation and purication of the intermediate O2.
To provide further conrmation of the above successful conversion of rC in O1 to C in O4, while keeping other sequences identical, a longer O3 + 8A (O3 extended by A 8 at 5 0 ) was used in place of O3 ( Fig. 1a ). Under the same conditions, a longer product O4 + 8A was obtained ( Fig. 2a , the upper band of lane 4) with slower gel migration compared to O4 (Fig. 2a , the upper band of lane 3), suggesting that the ligation reaction occurred mostly between O2 and imidazole-activated O3, and not between O2 and un-activated Oc (Oc is the product from the previous cleavage reaction of O1 and 17E m1 ), in which case a band with the same migration as O4 would have been observed. The presence of C rather than rC in the product O4 was supported by the lower molecular weight of O4 in the MALDI-TOF mass spectrum as compared to that of O1 (Table 1) , as well as the increased resistance to hydrolysis of O4 even in the presence of Pb 2+ and 17E m1 (Fig. 2a, lane 5) , which can catalyze the cleavage of a substrate containing an internal ribonucleotide linkage (O1), 2,57 but not a substrate containing entirely deoxyribonucleotides (O4).
In addition to the single nucleotide repair functionality, it is also possible to use this methodology to edit the sequence of a DNA strand, which was used to convert the DNA strand O5 into O4 using the same cascade and conditions as before ( Fig. 1b and S4 in ESI †). The product O4 was conrmed by PAGE ( Fig. 2b ) and MALDI-TOF MS ( Table 1 and Fig. S2 in ESI †) and found to be identical to that obtained from the method in Fig. 1a .
Encouraged by the above results, we applied this method to modify the sequence of DNA immobilized on gold nanoparticles 27 (AuNPs) to control the DNA-directed assembly of the AuNPs in a selective manner. DNA-functionalized gold AuNPs have been used in a variety of applications due to both their unique properties and the sequence-dependent hybridization of ssDNA immobilized on the AuNPs for controlled assembly. [51] [52] [53] [54] [55] As shown in Fig. 3 , when AuNPs are functionalized by complementary DNAs, the AuNPs can assemble into an "aggregated" state via DNA hybridization, which shows red-shied and broadened absorption spectra compared to AuNPs functionalized by non-complementary DNAs. By modifying the sequences of DNA on the AuNPs, the assembly of the particles can be effectively controlled. Although methods for fabrication of DNAfunctionalized AuNPs have been developed, 27 there are still limited methods to modify the DNA sequences already immobilized on AuNPs in order to tune their functions. It is even more challenging to modify a specic DNA sequence on multiply-functionalized AuNPs with different DNA sequences on each nanoparticle. Selective modication can allow each different function of the AuNP to be controlled in a selective fashion for potential applications. AuNPs of 13 nm diameter were functionalized with DNA molecules via 3 0 -end thiols and used for this study. The formation of the AuNP assembly was conrmed by TEM images (Fig. S5 in ESI †) and characterized by large changes in absorption spectra 27 (A 700 /A 532 changed from <0.15 to >0.50 as illustrated in Fig. 5 and Table S1 in ESI †). As shown in Fig. 4 , O6functionalized AuNPs (red) were found to be able to form aggregates with O9-functionalized AuNPs (blue) via DNAdirected assembly through 12 complementary base pairs ( Fig. 5 and S5 and Table S1 †), but not with O10-functionalized AuNPs (purple), because of the 4 mismatched base pairs in the middle 27 For the ratios of absorbance (A 700 /A 532 ), see Table S1 in ESI. † (Fig. 6a ) in the presence of O9-and O10-functionalized AuNPs, respectively. The red-shift of the peak indicates the formation of AuNP aggregations due to the hybridization of complementary DNAs on the AuNPs. 27 For the ratios of absorbance (A 700 /A 532 ), see Table S2 in ESI. † of the binding arm ( Fig. 5 and S5 and Table S1 †). Aer being treated with 17E m2 and Pb 2+ , the O6 on the surface of AuNPs was cleaved and converted to O8, which could not hybridize with either O9 or O10 efficiently. Thus no DNA-directed assembly was observed between the resulting O8-functionalized AuNPs and either O9-or O10-functionalized AuNPs (Fig. 5 and S5 and Table S1 †). However, aer a subsequent ligation reaction catalyzed by E47 in the presence of imidazole-activated O3 and Cu 2+ , O8 on the surface of AuNPs could be extended to O7, making the AuNPs capable of assembling with O10-, but not O9functionalized AuNPs (Fig. 5 and S5 and Table S1 †).
Interestingly, the product, O7-functionalized AuNPs, showed inverse characteristics in the formation of DNA-directed assembly with O10-and O9-functionalized AuNPs, compared to the original O6-functionalized AuNPs. TEM images of O6functionalized AuNPs, either with or without treatment with 17E m2 /E47, mixed with O10-functionalized AuNPs, are displayed in the inset of Fig. 4 . These results clearly demonstrate that the ability to edit and replace DNA on AuNPs allows for exquisite programmable control over the assembly of nanoparticles.
Taking advantage of the specicity of DNAzyme to its nucleic acid substrates by complementary base pairing in the binding arms, selective modication of DNA sequences on surface of multiple functional AuNPs was also achieved in this work. As depicted in Fig. 6 , O6 (red) and O11 (blue) bi-functional AuNPs could be modied by 17E m1 , 17E m2 and E47 selectively and sequentially. As shown in Fig. 6 , AuNPs capable of forming DNA-directed assembly with both (A and E), either (B, C and F), or neither (D) of the O9-and O10-functionalized AuNPs could be obtained by monitoring the signicant increase of A 700 /A 532 as indication of assembly formation ( Fig. 7 and Table S2 in ESI †). Such a result, which is challenging to achieve by other techniques, can be used for the construction of tunable nanoassemblies for various applications.
Conclusions
In summary, by putting together a cascade of two DNAzymes with cleaving and ligating activities, we have generated a new functionality for effective DNA modication. This function was applied in the conversion of a single misincorporated ribonucleotide into the corresponding dexoyribonucleotide in DNA and the modication of DNA sequences on the surface of gold nanoparticles to modify and control their self-assembly through DNA hybridization. The results suggest that combining DNAzymes with different catalytic activities may achieve more interesting functions and thus broaden the applications of DNAzymes.
Experimental section

Materials
All DNA samples were purchased from Integrated DNA Technologies Inc. (Coralville, IA). Substrate and enzyme strands of the DNAzyme were puried by HPLC; thiol-modied and phosphorylated DNAs underwent standard desalting. Other chemicals were purchased from Sigma-Aldrich Inc.
The sequences of DNA used in this work were as follows: Cleaving DNAzyme 17E m1 : 5 0 -ATAGTGTTCT CCGAGCCG GTCGAA ATAGAGATG-3 0
Cleaving DNAzyme 17E m2 : 5 0 -ATAGTGTTCT CCGAGCCG GTCGAA CTTGAGATG-3 0 Ligating DNAzyme E47: 5 0 -CGGATAGTGTTCTTTCGCTAGAC CATGTGACGCATGG TGAGATGCTT-3 0
Fluorescein-labeled substrate O1:
(1 mM) and Pb(NO 3 ) 2 (5 mM) in 25 mM HEPES (pH 7.0) containing 100 mM NaCl. The mixture was incubated at room temperature for 1 h (for O1) or 3 h (for O5) to achieve complete cleavage (>95%) and subsequently analyzed by PAGE and MALDI-TOF MS.
IMIDAZOLE-ACTIVATION OF O3 AND O3 + 8A. In a 0.5 mL centrifuge tube, 20 mL 100 mM O3 or O3 + 8A with 3 0 -phosphorylation were incubated with 2.5 mL of 1 M imidazole (pH 6.0, adjusted by adding concentrated HCl), and 4.5 mL of 1 M EDC$HCl at room temperature for 1 hour. The mixture was then puried with a PD-10 (Amersham Biosciences) desalting column, and the rst fraction with strong absorption at 260 nm was collected (about 0.5-1.5 mL range). The DNA concentration of the eluted fraction was determined by monitoring the absorbance at 260 nm. The imidazole-activated O3 and O3 + 8A were used right away, since they were not very stable at room temperature. DNAZYME (E47)-CATALYZED LIGATION OF O2. The solution containing cleaved substrate from 17E treatment was further mixed with the ligation DNAzyme E47 (2 mM), Cu(NO 3 ) 2 (20 mM) and imidazole-activated O3 or O3 + 8A (3 mM) in 25 mM HEPES (pH 7.0) containing 300 mM NaCl, and allowed to incubate at room temperature for 4 h before analysis by PAGE and MALDI-TOF MS.
PAGE AND MALDI-TOF MS. 3 0 -uorescein-labeled DNA samples (1 mM) were mixed in a 10 : 1 ratio with a stop solution containing 100 mM EDTA, to quench the cleavage and ligation reactions. This solution was mixed 1 : 1 with glycerol and transferred to a denaturing 20% acrylamide gel. The resulting gel was documented by a uorescence image scanner (model FLA-3000G, Fuji). DNA isolation from the gel was performed by soaking the cut-out gel band in 1 mL Millipore water for 1 day, then centrifuging at 10 000 rpm for 15 minutes. Aerwards, the uorescent supernatant was concentrated to about 20 mL and puried by PD-10 column. The fraction with uorescence at 520 nm was collected (total volume approximately 0.5-1.5 mL), concentrated to 20 mL, and then analyzed by MALDI-TOF MS.
NANOPARTICLE PREPARATION AND FUNCTIONALIZATION (O6, O9, O10 AND O11). The preparation of 13 nm gold nanoparticles was as reported. 27 DNAs with 3 0 -thiol-modications (O6, O9, O10 and O11) were activated by incubation with TCEP. Typically, 9 mL of 1 mM DNA in Millipore water was incubated with 1 mL of 20 mM freshly prepared TCEP and 1 mL 500 mM NaAc-HAc buffer (pH 5.2) at room temperature for 1 hour. The mixture was then directly added into 3 mL of citrate-capped 13 nm AuNPs (about 3 nM). Aer incubation for 16 hours at room temperature, 0.3 mL of buffer containing 1 M NaCl and 100 mM of tris-acetate (pH 8.2) was added by drop to the nanoparticle solution under stir. Aer incubation for 24 hours, the nanoparticles were centrifuged at 13 000 rpm for 15 minutes. The supernatant was removed and nanoparticles were re-dispersed in buffer containing 100 mM NaCl and 25 mM tris-acetate (pH 8.2). This centrifugation process was repeated once more to remove free DNA in solution.
For nanoparticles functionalized with both O6 and O11 in sequential tuning experiments, the molar ratio of O6 and O11 in loading was 4 : 1, with a total loading amount of 25 mL of 1 mM DNA. Other procedures were the same as above. DNAZYME (17E M1 OR 17E M2 )-CATALYZED CLEAVAGE OF DNA ON GOLD NANOPARTICLES (O6 AND O11). DNA-functionalized gold nanoparticles were centrifuged at 13 000 rpm for 15 minutes. The supernatant was removed and nanoparticles were redispersed in a buffer containing 100 mM NaCl and 25 mM HEPES (pH 7.0) to prepare a 3 nM solution. Then DNAzyme 17E m1 or 17E m2 (3 mM) and Pb(NO 3 ) 2 (4 mM) were added to the solution. The mixture was incubated at room temperature for 10 hours, then centrifuged at 13 000 rpm for 15 minutes. The supernatant was removed and nanoparticles were re-dispersed in 1 mM HEPES (pH 7.0) without NaCl for 15 min to denature DNA hybridization. This centrifugation process was repeated once to remove free DNA in solution. At last, gold nanoparticles were re-dispersed in 100 mM NaCl and 25 mM HEPES (pH 7.0) to prepare a 3 nM solution. DNAZYME (E47)-CATALYZED LIGATION OF DNA ON GOLD NANOPARTICLES (O8). The above solution was mixed with E47 (3 mM), Cu(NO 3 ) 2 (20 mM) and imidazole-activated O3 (4 mM) in 25 mM HEPES (pH 7.0) containing 150 mM NaCl. Then the mixture was incubated at room temperature for 16 hours. Aer that, nanoparticles were centrifuged at 13 000 rpm for 15 minutes. The supernatant was removed and nanoparticles were re-dispersed in 1 mM HEPES (pH 7.0) without NaCl for 15 min to denature DNA hybridization. This centrifugation process was repeated twice to remove free DNA in solution. Finally, the nanoparticles were re-dispersed in 100 mM NaCl and 25 mM HEPES (pH 7.0) to a nal concentration of 3 nM.
FORMATION OF GOLD NANOPARTICLE ASSEMBLIES. DNA-functionalized gold nanoparticles were washed and re-dispersed in 100 mM NaCl and 25 mM HEPES (pH 7.0) to prepare 3 nM solutions as mentioned above. Equal volumes of O6-, O7-or O8-functionalized AuNPs (3 nM), O9-or O10-functionalized gold nanoparticles (3 nM), and 1 M NaCl were mixed. Aer vortexing, the resulting solution was incubated at room temperature for at least 1 hour to form nanoparticle assemblies.
TEM. Gold nanoparticles were analyzed using a JEOL 2010LaB6 transmission electron microscope (TEM) operated at 200 kV. Samples were prepared by putting a drop of nanoparticle solutions onto a carbon-coated copper TEM grid (Ted Pella).
